Abstract: Dynamic emission models for Diesel engines are important for future engine development. Emission formation takes place in the cylinder, while the emissions are usually measured downstream the exhaust pipe. Besides operation point dependent gas transportation delays the emission sensors themselves possess a significant dead time and sensor time constant varying for different measured quantities. These sensor individual dynamic measurement characteristics complicate the chronological assignment of cause and effect in emission modelling. Therefore the dynamic characteristics of a NO x , a micro soot sensor and an opacimeter are investigated. Models for the measurement dynamics are derived to separate the measurement dynamics from the engine dynamics. Hence excitation signals which strongly excite the emission formation and only weakly excite the intake and exhaust system are presented. Model results for the measurement dynamics are shown and validated with testbed data.
INTRODUCTION
A next step in the Diesel engine development is the consideration of the dynamical emission formation for novel engine calibration and control concepts. Nowadays engines are usually calibrated with regard to the stationary emissions. However, common driving cycles like the new European driving cycle (NEDC) contain a large proportion of transients. In transient engine operation the emissions differ from the stationary calibrated emissions. Therefore a deeper understanding of the dynamics in emission formation and emission measurement is necessary.
A mean value emission model which simplifies the combustion as a batch process is presented in Mrosek et al. (2010) . The dynamics in the emission formation arise from the cylinder charge composition at intake valve closing and the injection parameters. Additional dynamics are introduced via the gas mixing and the gas transportation in the exhaust system. The exhaust gas measurement sensors have further sensor dynamics. Usually a first order lag and dead time model is applied to model the sensor dynamics (Schilling, 2008; Mrosek et al., 2010) . As the dynamics after the emission formation vary with the engine operation point and these models can only approximate the measurement dynamics, a more detailed modelling of the measurement dynamics is necessary. In the following more detailed models are presented which consider all dynamics from the emission formation to the point of measurement as overall measurement dynamics.
Emission measurement dynamics are discussed in various publications. The dynamical differences between a fast testbed NO x sensor and a series sensor are modelled by Alfieri (2009) as a first-order lag with dead time. The dead time and time constant are given as a function of the exhaust gas volume flow. For a micro soot sensor a constant dead time and time constant is given. Kimmich and Isermann (2002) model the overall sensor dynamics for an oxygen sensor as an affine function of the air mass flow rate. Rosefort et al. (2010) theoretically show that the overall measurement dynamics of exhaust gas measurements consist of many dead times, but do not quantify them. Tschanz et al. (2010) give a detailed investigation of the variable gas propagation time as presented here for a micro soot sensor and assume a fixed gas mixing time constant of 0.25 s.
In this contribution quantitative dynamical models for the emission measurements are derived and identified. Considered sensors are a NGK NO x sensor (NOX), an AVL 483 micro soot sensor (MSS) and an AVL 439 opacimeter (OPA). First the dynamical differences in the emission measurements are shown. Then simplified models for the emission measurement dynamics are introduced. Afterwards the sources of process and sensor dynamics in the air and exhaust system are briefly analysed. Due to the couplings of the intake and exhaust path by the turbocharger and the exhaust gas recirculation (EGR) special excitation signals are necessary to parameterise the models. Finally the model parameters are shown and validated with testbed measurements.
INVESTIGATIONS OF THE INTAKE AND
EXHAUST SYSTEM DYNAMICS Fig. 1a) shows the normalised sensor response of the emission measurement to a change in the pressure of the common rail injection system p rail . A step function is applied to the desired value of p rail . Due to the common rail dynamics the measured rail pressure follows as a ramp. The opacity measurement shows the fastest response. The rise in the opacity is measured after a dead time of T d,tot,opa ≈ 0.5 s.
Then the NO x sensor shows a low-pass characteristic and a dead time of T d,tot,nox ≈ 200 ms. Finally the micro soot sensor detects the change in the particulate emissions after a delay of T d,tot,mss ≈ 2.5 s. Hence there are significant differences between the dynamic characteristics of the different emission sensors. Fig. 1 . a) Normalised input u and output y responses to an excitation of p rail at n eng ≈ 1900 min −1 . b) Normalised input u and output y responses of the opacimeter at n eng ≈ 800 min −1 and n eng ≈ 3000 min −1 for steps in u inj . Fig. 1b ) depicts the influence of the engine operation point. Two normalised step responses of the opacimeter are shown for a normalised step in the desired injection quantity u inj . The first step response is applied at an engine speed of n eng ≈ 800 min −1 , while the second step is applied at n eng ≈ 3000 min −1 . For the first step a dead time of T d,tot,opa ≈ 900 ms is apparent, while the second step has a dead time of T d,tot,opa ≈ 400 ms. Hence the measurement dynamics depend on the operation point. Therefore an analysis of the dynamic emission formation and the emission measurement is shown in the following.
MODELLING OF MEASUREMENT DYNAMICS
When the combustion process is simplified as a batch process, the major dynamics in the emission formation result from the cylinder charge at intake valve closing and the injection characteristic. For each measured emission quantity i all dynamics from the last influence for the emission formation c i,form to the point of measurement c i,meas will be considered as overall measurement dynamics. These measurement dynamics can be simplified as a second order lag and dead time model
with the total dead time T d,tot,i and the two time constants T i,1 and T i,2 . The total measurement dead time T d,tot,i can be divided into the three proportions engine cycling time T d,eng , variable transport delay V i /V i and a constant sensor dead time T d,i .
The considered NO x sensor, micro soot sensor and opacimeter are denoted by the indices nox, mss and opa. A major proportion of the variable measurement dynamics comes from gas transport delays. Fig. 2 shows the schematic sensor positions in the exhaust system and the corresponding transport delays. All i sensors are mounted after the turbocharger turbine. Before the emissions can be measured, they have to exit the cylinder via the exhaust valves. Thus, T d,eng for a 4-stroke engine can be regarded for two different cases
with the engine angular velocity ω eng . The first dead time considers the cycling time of intake manifold states (charge pressure p 2i , intake temperature T 2i , intake gas composition x 2i ), which determine the cylinder charge. This cycling time is the time between intake valve closing and the exhaust valve opening. The effect of valve timings is neglected and the dead time can be expressed as the time needed for two engine revolutions. The injection event is usually positioned at the end of the compression stroke or the begin of the power stroke. Therefore one engine revolution accounts for the dead time for injection events.
Fig. 2. Schematic relations and considered dead times for the emission measurements in the exhaust system
The gas transport delay in the exhaust manifold V i /V i is modelled as the fraction of an equivalent volume V i and the volume flow ratė
V i is given as the fraction between the mass flow rate through the turbocharger turbineṁ t and the exhaust gas density ρ i in each storage element. The exhaust gas density follows by the ideal gas law from the pressure p i , the gas temperature T i and the gas constant R. This gas transportation delay depends on the sampling point of the sensors. The NO x sensor is directly mounted after the turbocharger turbine. Therefore the transport delay V nox /V 3 is determined by the equivalent volume V nox and the volume flow rateV 3 , depending only on the states in the exhaust manifold. The particulate measurements extract the measurement gas further downstream the exhaust pipe. For the micro soot measurement dynamics this results in a transport delay V mss /V 4 and depends on the states in the storage 4 after the turbocharger.
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The variable gas transport delay for the opacimeter is equivalent to the micro soot sensor. Finally the emission sensors themselves possess a constant sensor dead time T d,i . Especially for the particulate measurements this delay is significant, since the gas is extracted from the exhaust pipe and pumped via a several meter long hose to the sensor. The gas density at the sampling point might have minor influences on the transport time in the extraction hose. As these influences are assumed to be small, this variable proportion is assigned to the variable transport delay.
Finally investigations have shown that the first time constant T i,1 in (1) is mainly due to gas mixing effects in the exhaust pipe. Therefore it can be modelled as an affine function with the weights w i,0 and w i,1 .
For the particulate measurement the time constant T i,1 is determined by the volume flow rateV 4 , respectively witḣ V 3 for the NO x transfer function.
EXCITATION SIGNALS
The emission sensor model parameters can be considered as semi-physical and have to be identified from measurements. Therefore the emission formation dynamics and the exhaust system dynamics is analysed in the following. Fig. 3 shows the intake and exhaust system of a turbocharged common rail Diesel engine with high-pressure exhaust gas recirculation (EGR). Simplifying the combustion process as a batch process, the dynamics in emission formation results from the cylinder charge and the injection characteristics, see Mrosek et al. (2010) .
The injection parameters have a great influence on the emissions, especially the common rail pressure p rail , the desired injection quantity u inj and the start of the main injection ϕ mi . Also the crank angle of 50 % mass fraction burned ϕ Q50 is an important combustion feature, summarising different effects. Furthermore the pressure p 2i , the temperature T 2i and the gas composition x 2i in the intake manifold determine the emissions. The intake states depend on the dynamics of the intake and exhaust system. States in the intake system are coupled with the states in the exhaust system via the EGR mass flow rateṁ egr and the turbocharger. The turbocharger speed influences the air mass flow rateṁ air and the temperature after the compressor. Dynamics in the intake system are the gas mixing and transport delays and the heat storage dynamics of the intercooler and the EGR-cooler. Finally the sensors themselves have significant dynamics.
The amplitude of the intake and exhaust system excitation should be small, because the variable gas transport time V i /V i depends on the mass flow rateṁ t , the Fig. 3 . Sources of dynamics in the intake and exhaust system of a turbocharged CR-Diesel engine with HP-EGR temperatures T 3 , T 4 and the pressures p 3 and p 4 before and after the turbocharger turbine, see (4). In addition the intake states directly influence the emission formation which can deteriorate the model parameter identification. Regarding the gas system actuators, the HP-EGR valve and the variable geometry turbine (VGT) actuator of the turbocharger strongly influence the air path dynamics. Thus, the only remaining actuators to excite the emission formation are related to the injection. Fig. 4 shows an excitation of the desired injection quantity u inj with a closed HP-EGR valve, which results in an excitation of the exhaust gas enthalpy, accelerating and decelerating the turbocharger. The charge air pressure p 2i and the air mass flow rateṁ air show a delayed response. This influence can also be seen in the NO x emissions. Due to these influences to the intake and exhaust system u inj is not suitable as input for the emission measurement dynamics identification. The same holds for the start of the main injection ϕ mi , which is strongly coupled to the location of 50 % mass fraction burned ϕ Q50 and therefore
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influences the exhaust gas enthalpy. A further input to excite the emission formation is the common rail pressure p rail . The common rail pressure has a strong coupling with the particulate and NO x emissions and only small couplings with the combustion features. Generally a higher p rail results in an earlier ϕ Q50 , while a lower p rail results in a later ϕ Q50 . This effect on the combustion characteristics can be eliminated by manipulating the start of the main injection. At each engine operation point an affine model ϕ mi = f (p rail ) corrects the timing of the main injection, so that the location of mass fraction burned 50 % ϕ Q50 is constant for an excitation of p rail .
Fig. 4.
Step excitation of u inj and influence on the air path quantities p 2i andṁ air and the NO x emissions for n eng ≈ 3000 min −1 Fig. 5 shows the results for the emission signals with excitation of p rail . Simultaneously to p rail the start of the main injection ϕ mi is corrected by the affine model. For all four cylinders the crank angle of 50 % mass fraction burned is shown. In the interval between 1190 s and 1245 s the evaluated crank angles for ϕ Q50,z1 of cylinder 1 and ϕ Q50,z2 of cylinder 2 are shown, cylinders 3 and 4 follow in the second half of the figure. It can be seen that ϕ Q50 is almost constant for the excitation of p rail and ϕ mi . Only at the step timing small glitches occur. This is due the implementation of the injection model. The rail pressure is measured and a corrected start of the main injection is calculated with a dDSPACE system. Then it is send via the CAN-bus to an ASCET system and bypasses the ECU. These delays in data processing result in the glitches. Also an overshoot in p rail can be observed, which is due to the series pressure controller.
Considering the intake and exhaust states only a minor excitation of the statesṁ air , p 2i and T 3 is apparent. Furthermore the measured emissions show a strong excitation. The simultaneous excitation of p rail and ϕ mi is capable to excite the emission formation with only weak couplings to the intake and exhaust system. With regard to ϕ Q50 a cylinder individual modelling of ϕ mi = f (p rail ) can further improve the excitation signal. Not considered are effects of p rail on the speed of the combustion and the injection quantity. If the timings of the injectors are not calibrated adequately, a change in p rail might lead to falsified injection quantities. A drawback of the p rail excitation is the ramp characteristics of the signal. However, the ramp is relatively fast and the advantages of the isolated excitation with p rail clearly pays off the drawbacks. 
OVERALL MEASUREMENT DYNAMIC MODELS
A square wave of 8 steps with the afore mentioned excitation signal is applied at 60 engine operation points ranging from n eng ≈ 790 min −1 to n eng ≈ 3000 min −1 and various injection quantities. The EGR valve is kept closed. At each operation point the total dead times T d,tot,mss , T d,tot,opa and T d,tot,nox are identified.
The time constants are estimated after subtracting the dead time from the measured data. Input and output are normalised to zero mean and unit variance. Since the excitation signal is of ramp shape and the process can be assumed to be nonlinear, a Hammerstein model structure is assumed as dynamical model. A third order polynomial and the time constants T 1,mss , T 1,opa and T 1,nox are identified with respect to the prediction error J = (y(k) −ŷ(k)) 2 , in which y(k) andŷ(k) are the measured and the predicted system outputs at each sample k. Investigations showed that the NO x sensor has a fixed time constant T nox,2 = 0.45 s. The transfer functions for the particulate measurements could be reduced to a firstorder system by neglecting the second time constant in (1). The second degree of freedom resulted in no significant improvements.
The identified dead times of the measurement dynamics are shown in Fig. 6 . The topmost plot shows the dead time model for the micro soot sensor. In the considered operation range the dead time ranges from 1.95 s to 3.3 s. The fixed part of the dead time mainly originates from After subtraction of the dead times, the sensor time constants are identified. The results are shown in Fig. 7 . There is a greater variance in the identified time constants than in the identified dead times. This is primarily due to noise and the nonlinear relationship between the ramp shaped model input p rail and the measured emissions, which complicates the identification of the time constants. An affine relationship between the volume mass flow rate and the time constant is observable, why the affine model of eq. (5) is applied. The identified model parameters and the errors for the estimated dead times and the estimated time constants are given in Table 1 . As error measure for the model quality the root mean square error (RMSE) is chosen. The micro soot dead time model has a RMSE of 60 ms, while the error for the opacity model is about 30 ms. The modelled dead time for the NO x measurement shows the smallest error with 20 ms.
Model results for the overall measurement dynamics are shown in Fig. 8 . The emission formation is excited with a simultaneous excitation of p rail and ϕ mi as described before. The overall dynamics of the micro soot and the opacity measurement are met. Also the simulated dynamics of the NO x sensor fit well. There are some minor deviations between the modelled and simulated dynamics in the descent of the NO x signal at 22.5 s. Since the dynamics for The characteristics of the overall measurement dynamics is shown in Fig. 9 for the total dead time T d,tot,mss and the time constant T mss,1 of the micro soot measurement during the NEDC. The begin of the highway cycle between 790 s and 850 s is shown. Representing the model inputs the mass flow rate through the turbine m t and the engine speed n eng are shown. At the first 10 s the engine is idling. Afterwards the acceleration part begins. During the presented section T d,tot,mss ranges from 2.3 s to 3.8 s.
It shall be mentioned that in comparison to Fig. 6 the EGR valve is opened during the shown section of the driving cycle. This leads to significantly lower exhaust gas volume flow rates and thus to higher dead times. Further the engine cycle time is not included in Fig. 6 . The time constant T mss,1 ranges from 0.8 s to 0.95 s. An interesting fact is the sudden change of the total dead time for sudden of the microsoot sensor model for a dynamical section of the NEDC Given these models of measurement dynamics the stationary measurement can be improved. For stationary measurements the measurement time for one point consists of a settling time and a holding time for signal averaging. The sensor dead time can easily be subtracted for stationary measurement. This results in a better chronological agreement of model inputs and outputs. Further the sensor time constants help to choose minimal holding times for stationary engine measurements. After all dynamics in the intake manifold are settled the only dynamics remaining come from the emission measurement sensors. Among the regarded sensors, the micro soot sensor has the slowest time constant. Assuming a first-order lag element as the sensor time constant and claiming a dynamical error below 2 % of the settled value, a minimal step time of 4 times of the micro soot time constant is necessary to measure the settled value for the particulates. With Fig. 7 this results in a minimal holding time between 2 s and 4 s. Regarding the signal quality a model inversion for the NO x sensor is applicable to compensate the sensor dynamics. For the particulate measurements it is not advisable to invert the sensor dynamics. Especially at higher particulate emissions the variance, respectively noise in the measurements rise . This also gets obvious in the plots for MSS and OPA in Fig. 8 and Fig. 5 .
CONCLUSIONS
The emission formation and measurement is affected by several dynamic effects in the intake and exhaust system. Additional measurement dynamics come from the emission sensors themselves. The overall sensor dynamics varies with the engine operation point and differs for each sensor. For a NO x sensor, a micro soot sensor and an opacimeter the measurement dynamics have been modelled and parameterised. The variable part of the measurement dynamics mainly depends on the engine speed and the exhaust gas volume flow rate. Therefore a strong excitation of the emission formation and a weak excitation of the intake and exhaust system is desirable. Hence special excitation signals are necessary to identify the emission measurement dynamics. A combination of the common rail pressure and the start of the main injection allows to excite the emission formation with only weak influences on the intake and exhaust system. The models for the measurement dynamics fit the measured data well. Finally the modelled measurement dynamics allow an operation point dependent choice of hold times for stationary engine measurements.
